Objective: This study assessed whether high-resolution 7 T MRI allowed direct in vivo visualization of nigrosomes, substructures of the substantia nigra pars compacta (SNpc) undergoing the greatest and earliest dopaminergic cell loss in Parkinson disease (PD), and whether any disease-specific changes could be detected in patients with PD.
Many MRI studies have reported Parkinson disease (PD)-associated changes in the substantia nigra (SN). 1 However, delineating the boundaries and assessing neurodegeneration in the SN remains challenging. 2 Recently developed ultra-high-field MRI systems produce very high spatial resolution T2*-weighted images providing detailed SN morphologic information. Correlation of high-resolution MRI data and histology 3 may enable a more precise definition of the boundaries and substructures of the SN in vivo, and hence a more accurate demonstration of PD pathology.
The SN is divided into the pars compacta (SNpc), which is densely packed with neuromelanin-containing dopaminergic cells, and the pars reticulata (SNpr), which is formed by loose aggregations of GABAergic medium and large neurons. 4 The majority of neurons in the SNpc project to the neostriatum (putamen and caudate nucleus). Five distinct subgroups of dopaminecontaining neurons in calbindin-negative zones within the SNpc, nigrosomes, have been identified using immunostaining for calbindin D 28K . 5 The largest, nigrosome 1, is lens-shaped and situated along the rostral/caudal axis of the SN in its dorsal part, at caudal and intermediate levels (figure 8 of Damier et al. 5 ; figure e-1 on the Neurology ® Web site at www.neurology.org). Postmortem (PM) studies have shown dopaminergic neuronal loss in PD to be higher in the nigrosomes than other SN subregions, with maximal loss (98%) in nigrosome 1. 6 These in vivo changes may provide a method for studying the etiology, progression, and detection of PD. Here we investigated the morphologic features of the SN by comparing in vivo 7 T MRI, PM MRI, and histochemical data to identify nigrosomes 5 and assess whether they could provide a diagnostic marker to distinguish patients with PD from healthy controls (HC).
METHODS Standard protocol approvals, registrations, and patient consents. Subject recruitment and PM sample handling was carried out in accordance with the approval from National Research Ethics Committee and other local guidelines. Written informed consent was obtained from all patients and healthy subjects participating in the study. MRI scans were acquired on a 7 T Philips Achieva scanner using a 32-channel receiver coil, unless otherwise stated.
Three PM midbrains were obtained from the Queen's Medical Centre, Nottingham, 2 from subjects with no known neurologic conditions (HC, 67 and 46 years old) and 1 diagnosed with PD (PD, 75 years old, disease duration 6 years). They were fixed in 10% formalin, washed in 0.9% saline for 24 hours, and placed on an agar bed in a Perspex sphere, which was then filled with saline solution. High-resolution 3D fast field echo (FFE) scans were acquired with echo time (TE)/repetition time (TR) 5 15/46 ms, flip angle 5 15°, SENSE factor 5 1, number of signal averages (NSA) 5 20, field of view (FOV) 5 90 3 90 3 40 mm 3 , and 0.3 mm isotropic resolution in 10:22 hours (the first brain was scanned with a 16-channel receiver). Subsequently, the midbrains were sectioned and Perl, TH, and calbindin stains were prepared on adjacent transverse 5-mm-thick slices and digitized using a Hamamatsu NanoZoomer. The high-resolution MRI data, TH, and calbindin maps were registered to the Perl map using a semiautomatic method (Medical Imaging NetCDF tools, Montreal Neurological Institute, Montreal, Canada). Landmark points were manually placed on both images in the corresponding locations and affine transformation was calculated using 9 degrees of freedom (3 rotations, 3 transformations, 3 scales) with additional shear to compensate for tissue deformation during sectioning. The digitized TH and calbindin maps (based on the blue channel that best separated positively and negatively stained regions) were converted from RGB to gray scale (using coefficients specified by the Rec. 601 standard 7 ) and the Perl map was processed using color deconvolution 8 to separate the blue contrast corresponding to iron from the brown contrast corresponding to neuromelanin. A mask outlining the brainstem was created, with additional manual segmentation used to remove the background, damaged tissue, small veins visible in the Perl map, and air bubble artifacts. Next, masks of regions that were high in iron, high in neuromelanin, or TH-or calbindin-positive were obtained by thresholding the stain maps and applying manual correction to remove obvious artifacts. These masks were overlaid on the high-resolution T2*-weighted images to compare the characteristics of the different regions of the SN (figure 1). The processing steps are summarized in figure e-2.
To study the SN anatomy in vivo in detail, 2 healthy volunteers (49 and 29 years old) were scanned at 7 T. Volunteers were acquired by institution advertisement. High-resolution T2*weighted scans were obtained using a 3D FFE sequence with TE/TR 5 15/25 ms, flip angle 5 12°, SENSE factor 5 1, FOV 5 180 3 160 3 15 mm 3 , and 0.3 mm isotropic resolution in 21 minutes. A T1-weighted fast spin echo (FSE) sequence with an off resonance magnetization transfer pre-pulse (MT-T1-weighted) at 11,100 Hz, with TE/TR 5 9.0/2,582 ms, NSA 5 4, FOV 5 180 3 180 3 7 mm 3 , and 0.6 mm isotropic resolution was also acquired in 7:47 minutes; the contrast in a similar scan at 3 T has previously been ascribed to neuromelanin. 9,10 Images were coregistered using FLIRT (FSL, FMRIB, Oxford, UK) and visually examined.
To investigate the possibility of visualizing nigrosome 1 at lower field, 2 healthy volunteers (31-year-old woman and 28-year-old man), acquired by institutional advertisement, were scanned at 3 T using T2*-weighted sequence analogous to the one used in 7 T: resolution 0.43 3 0.43 3 1.5 mm, TR/TE 5 300/50 ms, flip angle 5 42°, NSA 5 5, scanning time 9:57 minutes.
To study differences between patients with PD and HC, 18 subjects (10 PD and 8 age-matched HCs, median/interquartile range: HC 5 65/5 years old, PD 5 64/5 years old, sex: HC 5 6 F:3 M, PD 5 4 F:6 M; PD duration 5 362 years, mean total Unified Parkinson's Disease Rating Scale on medication 5 24 6 13) were scanned (an additional HC was scanned but was lost to further analysis due to excessive movement). They were scanned using a 2D FFE sequence with TE/TR 5 16/385 ms, a 5 40°, FOV 5 180 3 160 3 16 mm 3 , 0.35 3 0.35 3 1.0 mm 3 resolution, 10 minutes acquisition. All patients with PD were diagnosed clinically on fulfillment of the UK PD Brain Bank clinical criteria 11 and all had shown a clinically appropriate response to dopaminergic therapy at time of recruitment to this study. Patients were prospectively recruited from a single movement disorder service by N.B. over a 12-month period; controls were similarly recruited from friends/family members attending the same service. A senior neuroradiologist and neuroradiology training fellow, blinded to the clinical conditions and to each other's decisions, examined the T2*-weighted datasets to classify the subjects according to the presence or otherwise of a hyperintense ovoid substructure within the dorsal/posterior hypointense midbrain region, later identified as nigrosome 1. To classify a dataset as showing this structure, it had to be visible on both sides of the SN, be present on at least 2 adjacent axial slices, be surrounded for more than half its boundary by hypointensity, not be part of a perivascular space, and to extend below the red nucleus (RN).
RESULTS
Four histology samples containing the SN at a level below the RN were chosen (3 from HC and 1 from PD). Color-coded maps of areas of high iron, neuromelanin, TH, and calbindin were created from binary masks of the stains (figure 1). In HC samples superposition of the TH (red) and calbindin (blue) masks allowed a calbindin-negative region colocalized with dopaminergic cells (TH positive) inside a larger calbindin-positive area to be identified (figure 1, first row); a region with this staining and similar size and location was previously defined as nigrosome 1. 5 The same area showed low iron (figure 1, second row: TH and iron, third row: calbindin and iron), and high neuromelanin (figure 1, fourth row: iron and neuromelanin), and corresponded to the hyperintense substructure visible in the PM T2*-weighted data, although PM MRI scans showed more laminar structure in the SN compared to the in vivo scans (figure 1, sixth row). The high iron on the Perl stain area (yellow) overlapped with the T2*-weighted hypointense regions in the lateral part of the SN (figure 1, sixth row). Regions with high neuromelanin content did not overlap with regions of high iron (comparing Perl [yellow], TH [red], and neuromelanin [purple]), or T2*-weighted hypointensity.
For the PD sample, a calbindin-negative zone corresponding to the nigrosome 1 was again present (figure 1, fourth column) and partially overlapped with a larger T2*-weighted hyperintense region, although it was neither TH-positive nor high in neuromelanin. T2*-weighted hypointense areas were similar to if slightly more diffuse than those in HC, but high iron areas based on the Perl stain were smaller. TH-positive regions were colocalized with high neuromelanin and smaller compared to HCs.
In 2 HCs, ultra-high-resolution T2*-weighted images were acquired in vivo to improve characterization of the hyperintense ovoid substructure (nigrosome 1) (figure 2, left). This substructure corresponded to a region of hyperintensity on MT-T1-weighted FSE images (figure 2, right and left coregistered).
In vivo high-resolution T2*-weighted images of HCs at 7 T clearly showed a hyperintense ovoid substructure within the dorsal hypointense midbrain region, medial to the cerebral peduncles ( figure 3) . This feature could also be seen on 3 T images acquired at slightly lower resolution and substantially lower signal-to-noise ratio.
The hyperintense substructure in the dorsal SN corresponding to nigrosome 1 could generally be detected DISCUSSION This study unequivocally identified an ovoid, hyperintense feature, embedded within the dorsal, hypointense, midbrain region of the SN on highresolution in vivo T2*-weighted 7 T MRI scans of HCs as nigrosome 1. This MRI feature was recently reported by another group, who speculated that it might correspond to a nigrosome. 12 We coregistered PM MRI and histology data to show that this substructure has high TH, high neuromelanin, and low calbindin content, thus fulfilling the definition by Damier et al. 5 of nigrosome 1. In the PD sample, this calbindin-low region was not high in neuromelanin or TH-positive, confirming the loss of neuromelanin-containing cells in nigrosome 1 as presented previously. 6 Importantly, in a small clinical study, we demonstrated the consistent absence of this MRI feature in patients with PD in vivo, which could be a consequence of neuronal cell loss, a neuromelanin loss, an increase in iron content within the nigrosome, a change in iron oxidation state, or a combination of these effects. This could be investigated by studying other patient groups who show iron accumulation without dopaminergic cell loss in this area. The HC misclassified by both raters as "probable PD" may have elevated iron due to other factors or may have presymptomatic PD; in a similar manner, about 10% of elderly HCs show alterations of echogenicity in transcranial sonography consistent with PD. 13 The consistent loss of the nigrosomal T2* hyperintensity in all studied patients with PD suggests that this might potentially provide clinically useful diagnostic accuracy; larger studies are needed to confirm this. The literature on the change of iron content in the SN in PD is inconsistent. Some PM studies reported greater age-related increases in iron content in PD than HC for ferritin-bound iron, 14 total iron, and iron (III). 15 Mössbauer spectroscopy and colorimetry-based studies found total iron concentration to be unchanged or lower in PD, with a possible increase in non-ferritin-bound iron. 16 In vivo MRI studies tend to suggest iron accumulation in the SN with age 17 and in PD, 18, 19 but without distinguishing the form of iron; since it is known that the relaxivity of iron (III) ferric ions is about 10 times greater than that of iron (II), 20 changes in T2* could simply reflect changes in the oxidation state of iron. The lower iron content in the Perl stain of the PD sample found here may be due to the fixation time being longer for the PD sample compared to the HC samples (z2 vs 1 year). 21, 22 The mismatch between the hypointensity observed on the T2*-weighted MRI and Perl stains is interesting. Since the Perl stain is sensitive only to iron (III), this could be due to higher iron (II) content in PD brains, which could relate to the fixation process, but would also be consistent with increased oxidative stress due to ferrous iron in PD. 16 Motion was not a major problem in this study, affecting data only from 1/19 subjects. If the T2*weighted scan was the primary outcome of a scanning session then the protocol could be modified to reduce the effects of motion, for instance by motion tracking or by over acquiring the data. 23 T2*-weighted MRI provides excellent contrast in the midbrain due to its high iron content. [24] [25] [26] Previous magnetic resonance work has focused mostly on localizing and measuring characteristics of the whole SN [26] [27] [28] or distinguishing the SNpc and SNpr, 28, 29 although there has been some inconsistency in the definition of boundaries and subareas of the SN in both the magnetic resonance and histologic literature. In many previous MRI studies, the boundaries of the SN and changes in PD have often been defined with reference to the high-iron, T2*-weighted hypointense region. 12, 26, 29 Our comparison of the Perl stain and PM T2*-weighted scan in HC confirmed the expected sensitivity of T2*-weighted MRI to iron, but closer inspection of the histology data shows that the high-iron region cannot be used to delineate the SN boundary. This does not affect the validity of previous MRI results regarding changes in the size, shape, or intensity of the high-iron region in PD, but questions its interpretation as corresponding to the SN. In HC, the SNpc is mainly depicted as T2*weighted hypointense, MT-T1-weighted hyperintense, high iron, low TH, and high calbindin region, but incorporating a dorsal T2*-weighted hyperintense, low iron, high TH, and low calbindin subregion (nigrosome 1 5 ). As far as we are aware this is the first study to determine that nigrosome 1 is a low iron structure. The SNpr, located lateral to the SNpc, overlapped with high iron, T2*-weighted hypointense region, but information about the neuronal projections, from diffusion tensor MRI, is needed to exactly define its boundaries. 27, 28 The signal characteristics of nigrosome were similar to an area ascribed to the ventral tegmental area (VTA) and depicted as a T2*weighted hyperintense, TH-positive, iron-negative region lying adjacent to the RN (VTA, A10 30 ). This area is also hyperintense on T2*-weighted and MT-T1-weighted scans in vivo, and lies medial to the SNpc. The subthalamic nucleus was not analyzed since the area studied was limited to the levels below the RN.
The PM characteristics of the SN in the PD sample differed in 2 ways. First, the region of nigrosome 1 was TH-negative and low in neuromelanin, consistent with loss of neuromelanin-containing dopaminergic cells. Second, the iron content in the Perl stain was surprisingly low, which is probably an artifact of the longer fixation time of the PD sample. 20, 21 The T2*-weighted hypointensity was somewhat larger than the Perl stain region, but this loss of iron may also explain why the region including nigrosome 1 was hyperintense on PM MRI in PD, in contrast to results observed in vivo.
Visual comparison of the TH stain, neuromelanin-containing cells in the Perl stain, and the MT-T1-weighted and T2*-weighted high-resolution in vivo scans provides further evidence that the MT-T1-weighted scan is indeed sensitive to neuromelanin. 9,10 The 7 T scan used here is less specific to neuromelanin than previously reported at 3 T since it shows hyperintensity in the CSF, probably due to enhanced inflow effects due to the smaller slab thickness (8 mm, 5 slices). The reason why the neuromelanin-rich region is hyperintense on MT-T1-weighted scans is unclear, but possibly neuromelanin directly shortens the T1 of both the bound and free proton pools leading to rapid recovery of MT saturation and an increase in T1-weighted signal.
This study had several limitations. First, the sample size is small and these results will need to be tested in clinical populations who are being investigated for possible PD. Second, further quantitative analyses are necessary to determine whether the nigrosome could provide a noninvasive biomarker of PD progression, which might be useful in future therapeutic trials, or for distinguishing idiopathic PD from other parkinsonian conditions. Third, the low iron content in the Perl stain of the PD sample was paradoxical and indicates that future studies should use PM samples with similar fixation times. 21, 22, 31 Finally, it was difficult to distinguish between the SNpc and VTA, as both contain dopaminergic, neuromelanin-pigmented cells, but they can be separated based on the anatomical location, cell density (which is lower in VTA), or using the issuing fibers of the third cranial nerve as landmarks for VTA. This study identifies the substructure of the SNpc that is visible on 7 T T2*-weighted images 12 as nigrosome 1. 5 This feature is not observed in patients with PD, suggesting that it could potentially provide a simple, sensitive, and specific diagnostic tool for PD, but future longitudinal, quantitative studies are needed to show whether it can provide a disease progression biomarker.
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